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Abstract
We perform a global fit of data relevant to eeqq contact interactions, including
deep inelastic scattering at high Q2 from ZEUS and H1, atomic physics parity
violation in Cesium from JILA, polarized e− on nuclei scattering experiments
at SLAC, Mainz and Bates, Drell-Yan production at the Tevatron, the total
hadronic cross section σhad at LEP, and neutrino-nucleon scattering from
CCFR. With only the new HERA data, the presence of contact interactions
improves the fit compared to the Standard Model. When other data sets are
included, the size of the contact contributions is reduced and the overall fit
represents no real improvement over the Standard Model.
I. INTRODUCTION
The reports of event rates above Standard Model (SM) expectations in e+p→ e+X deep
inelastic scattering (DIS) at very high Q2 by the H1 [1] and ZEUS [2] experiments at HERA
have generated a considerable amount of theoretical activity. Various models to explain the
excess events have been put forward [3–16]. Particular attention has been given to resonant
production of leptoquarks [3–5], squarks with R-parity violating couplings [6,7], quark and
lepton compositeness [8], and a general parametrization in terms of eeqq contact interactions
[3,4,9–15], representing the exchange of very massive particles in the s, t or u-channels.
An interest in leptoquarks derives from an indication for an e+j invariant mass peak
at Mej ≈ 200 GeV in the H1 data. However, no clear mass peak is present in the ZEUS
data; see discussion in Ref. [17]. In addition, for an ej branching fraction of unity, recent
searches at the Tevatron exclude leptoquarks of mass MLQ ≤ 210 GeV from CDF [18] and
MLQ ≤ 225 GeV from D0 [19]. The Tevatron bounds can be escaped, however, with a
reduced branching fraction B(LQ→ ej).
Any new physics in eq → eq scattering for which the exchanged particles have mass
squared M2 ≫ s can be described by an effective eeqq contact term Lagrangian. For
example, effects of a Z ′ boson of TeV mass scale would be well represented by a four-
fermion contact interaction. A leptoquark of mass MLQ ≫ 200 GeV could similarly be
described at HERA by an effective eeqq contact term. For leptoquark masses not far above
the HERA energy range additional form-factor effects would have to be considered, but an
analysis in terms of contact interactions would still be appropriate to derive constraints from
low energy experiments.
In this paper we perform a combined analysis of low and high energy data to obtain
constraints on eeqq contact interactions. The data sets include deep inelastic scattering at
high Q2 from ZEUS [2] and H1 [1], atomic physics parity violation [20], polarized e− on nuclei
scattering experiments at SLAC [21], Mainz [22], and Bates [23], Drell-Yan production at
the Tevatron [24], the total hadronic cross section σhad at LEP1, LEP1.5, and LEP2 [25–29],
the left-right asymmetry ALR at SLD [25], and neutrino-nucleon scattering from CCFR [30].
The organization of the paper is as follows. In Section II we discuss the parametrization
of contact interactions and discuss possible symmetry relations among them. In Section III
we present all the data that enter our global analysis. In Section IV we give constraints on
the eeqq contact interactions in selected models and show how each experiment constrains
different combinations of these interactions. Allowing for all eight eeuu and eedd contact
interactions to vary freely, the high Q2 HERA data and the high mass Drell-Yan pair data
from CDF cannot be fitted simultaneously. Section V gives our conclusions.
II. PARAMETRIZATION OF CONTACT INTERACTIONS
The conventional effective Lagrangian of eeqq contact interactions has the form [31–33]
LNC =
∑
q
[
ηLL (eLγµeL) (qLγ
µqL) + ηRR (eRγµeR) (qRγ
µqR)
+ ηLR (eLγµeL) (qRγ
µqR) + ηRL (eRγµeR) (qLγ
µqL)
]
, (1)
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where the eight independent coefficients ηeuαβ and η
ed
αβ have dimension (TeV)
−2 and are con-
ventionally expressed as ηeqαβ = ǫg
2/Λ2eq, with a fixed g
2 = 4π. The sign factor ǫ = ±1 allows
for either constructive or destructive interference with the SM γ and Z exchange amplitudes
and Λeq represents the mass scale of the exchanged new particles, with coupling strength
g2/4π = 1. A coupling of this order is expected in substructure models and therefore Λeq
is sometimes called the “compositeness scale” [31]. In the effective interaction (1) we do
not include lepton or quark chirality violating terms such as (eLeR) (qLqR) since, if there
is an approximate SU(2) × U(1) invariance, scalar and tensor contact terms are severely
constrained by helicity suppressed processes like π− → e−ν¯ [3]. A contact term Lagrangian
completely analogous to Eq. (1) can be written down for ννqq interactions, with parameters
ηνqLL and η
νq
LR, respectively.
A. SU(2)× U(1) symmetry and universality
Left-handed electrons and quarks belong to SU(2) doublets L = (νL, eL) andQ = (uL, dL)
and thus from SU(2) symmetry one expects relations between contact terms involving left-
handed u or d quarks; similarly, contact terms for left-handed electrons and neutrinos should
be related [14]. In order to exhibit these relationships we start from the most general
SU(2)× U(1) invariant contact term Lagrangian,
LSU(2) = η1
(
LγµL
)(
QγµQ
)
+ η2
(
LγµT aL
)(
QγµT
aQ
)
+ η3
(
LγµL
)(
uRγµuR
)
+ η4
(
LγµL
)(
dRγµdR
)
+ η5
(
eRγ
µeR
)(
QγµQ
)
+ η6
(
eRγ
µeR
)(
uRγµuR
)
+ η7
(
eRγ
µeR
)(
dRγµdR
)
. (2)
Here we have suppressed the lepton chirality violating term
(
LγµQ
) (
dRγµeR
)
which, under
a Fierz transformation, is equivalent to a
(
LeR
) (
dRQ
)
term which, as noted before, is
severely constrained by π− → e−ν¯ data. In the second term of Eq. (2) T a = σa/2 denotes
the SU(2) generators; this term describes the exchange of isospin triplet quanta between the
lepton and quark fields. Because of this possible contribution no constraints arise for the
ηeqLL contact terms and the difference η
ed
LL − ηeuLL = η2/2 measures the size of eνud contact
terms in CC processes. SU(2) does constrain right-handed electron couplings,
ηeuRL = η5 = η
ed
RL . (3)
In addition, the four neutrino and the lepton couplings are related by SU(2),
ηνuLL = η1 +
1
4
η2 = η
ed
LL ,
ηνdLL = η1 −
1
4
η2 = η
eu
LL ,
ηνuLR = η3 = η
eu
LR ,
ηνdLR = η4 = η
ed
LR . (4)
In our analyses, the relations of Eqs. (3) and (4) are only used when neutrino scattering
data are included in the analysis. Even though we expect that SU(2) × U(1) will be a
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symmetry of the renormalizable interactions which ultimately manifest themselves as the
contact terms of Eq. (1), electroweak symmetry breaking may break the degeneracy of SU(2)
multiplets of new, heavy quanta whose exchanges give rise to (1). This would result in a
violation of the relations of Eqs. (3) and (4). One example is the exchange of the stop t˜1,
t˜2, and the sbottom b˜L, b˜R in R-parity violating SUSY models. The large top-quark mass
may lead to substantial splitting of the masses of these squarks which could easily lead to
violations by up to a factor of two of SU(2) relations such as ηνdLR = η
ed
LR.
In the discussion above we have considered first generation quarks and leptons only,
because the “HERA anomaly” raises particular interest in such couplings. In principle, all
η’s carry four independent generation indices and may give rise to other flavor conserving and
flavor changing transitions. Because of severe experimental constraints on intragenerational
transitions [34] like K → µe we restrict our discussion to first generation contact terms.
Only where required by particular data (e.g. the LEP data which sum over the quarks of all
three generations) will we assume universality of contact terms between e, µ and τ and up-
and down-type quarks of different generations.
Other symmetry constraints on the parametrization of four-fermion contact interactions
are of interest as well:
i) SU(12) symmetry considerations [11] give
ηeqαL = −ηeqαR , α = L or R . (5)
In addition, SU(2)L gauge invariance requires the u-quark contribution equal to the
d-quark contribution, i.e.,
ηeuαL = η
ed
αL , α = L or R . (6)
With these symmetries the atomic parity violation constraint is satisfied naturally.
ii) Vector-vector (VV) interactions [12], from the exchange of a boson with purely vector
couplings, give
ηeqLL = η
eq
RR = η
eq
LR = η
eq
RL ≡ ηeqV V . (7)
iii) Axial-axial interactions [12,13], from the exchange of purely axial-vector couplings,
give
ηeqLL = η
eq
RR = −ηeqLR = −ηeqRL ≡ ηeqAA . (8)
We consider fits with these restrictions imposed subsequently to make model-independent
analysis.
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B. Observables and four-fermion amplitudes
All the observables that we consider are described by a four-fermion S-matrix element.
The amplitudes for observables such as e+e− → hadrons, pp¯ → ℓ+ℓ−X and atomic parity
violation, are obtained from the amplitude for eq → eq scattering by crossing; they are given
by angular factors times reduced amplitudes Meqαβ , where the subscripts label the chiralities
of the initial lepton (α) and quark (β). The SM tree level reduced amplitude for eq → eq is
Meqαβ(tˆ) = −
e2Qq
tˆ
+
e2
sin2 θw cos2 θw
geαg
q
β
tˆ−m2Z
, α, β = L,R (9)
where tˆ = −Q2 is the Mandelstam variable, gfL = T3f − sin2 θwQf and gfR = − sin2 θwQf ,
T3f and Qf are, respectively, the third component of the SU(2) isospin and the electric
charge of the fermion f in units of the proton charge, and e2 = 4παem. For e
+e− → qq¯ or
qq¯ → e+e−, the amplitude Meqαβ(sˆ) is obtained from Eq. (9) with the replacement tˆ→ sˆ and
tˆ −M2Z → sˆ −M2Z + isˆΓZ/MZ , where sˆ is the subprocess c.m. energy squared. The new
physics contributions to the reduced amplitudes Mαβ from the eeqq contact interactions of
Eq. (1) are
∆Meqαβ = η
eq
αβ , α, β = L,R . (10)
C. Contributions to Standard Model parameters
In low energy neutral current (NC) processes, at
√
s≪ m2Z , Z boson exchange can also be
described by effective four-fermion contact terms. For the parity violating contributions to
eeqq NC interactions the NC Lagrangian is conventionally expressed in terms of parameters
C1q and C2q as
LeHadron = GF√
2
∑
q
[
C1q
(
e¯γµγ5e
)
(q¯γµq) + C2q (e¯γ
µe)
(
q¯γµγ
5q
)]
. (11)
The radiatively corrected SM values are [35]
CSM1q = ρ
′
eq
[
−T3q + 2Qq(κ′eq sin2 θw)
]
,
CSM2q = −T3q ρeq
[
1− 4 (κeq sin2 θw)
]
+ λ2q , (12)
where sin2 θw = 0.2236, ρ
′
eq = 0.9884 and κ
′
eq = 1.036 for the atomic parity violation
experiments while ρ′eq = 0.979, κ
′
eq = 1.034, ρeq = 1.002, κeq = 1.06, λ2u = −0.013, and
λ2d = 0.003 for the lepton-nucleon scattering. The contact term Lagrangian introduces
parameter shifts
∆C1q =
1
2
√
2GF
[
− ηeqLL + ηeqRR − ηeqLR + ηeqRL
]
,
∆C2q =
1
2
√
2GF
[
− ηeqLL + ηeqRR + ηeqLR − ηeqRL
]
, q = u, d (13)
5
that can be constrained by experimental data on atomic parity violation and electron nucleon
scattering.
If SU(2) × U(1) is a good symmetry of the contact interactions then neutrino-nucleon
scattering data also constrain the eeqq contact terms [14]. Comparing to the conventional
parametrization of neutrino-quark effective interactions,
L = − GF√
2
ν¯γµ(1− γ5)ν
∑
q
[
gqL q¯γµ(1− γ5)q + gqR q¯γµ(1 + γ5)q
]
, (14)
the contact interactions (1) introduce shifts in the coefficients gqL,R,
∆gqL = −
1
2
√
2GF
ηeqLL , ∆g
q
R = −
1
2
√
2GF
ηeqLR , q = u, d . (15)
Here we have used the SU(2)×U(1) relations of Eq. (4). The SM values for these couplings
are [35]
(gqL)
SM
= 1.0095
(
T3q −Qq (1.0382 sin2 θw) + λqL
)
(16)
(gqR)
SM = 1.0095
(
−Qq (1.0382 sin2 θw) + λqR
)
, (17)
with λuL = −0.0032, λdL = −0.0026 and λuR = λdR/2 = 3.6× 10−5.
D. Connection to specific models
A second Z-boson, Z2, of mass MZ2 and with chiral couplings eg
f(2)
α to fermion species
f , would give rise to four-fermion contact terms with
ηeqαβ = −e2
ge(2)α g
q(2)
β
M2Z2
, (18)
in experiments at sˆ≪M2Z2 . For subprocess energies of the order of the Z2 mass, as may be
achievable at the Tevatron, form-factor effects, due to the sˆ dependence of the Z2 propagator,
would have to be considered.
The exchange of scalar leptoquarks would give rise to contact terms
ηeuαβ = e
2
(
h22LδαLδβR
2(−M2R2L)
+
h22RδαRδβL
2(−M2R2R)
)
, ηedαβ = e
2

 h˜22LδαLδβR
2(−M2
R˜2L
)
+
h22RδαRδβL
2(−M2R2R)

 . (19)
where eh2L, eh2R, eh˜2L are the couplings of R2L, R2R, R˜2L, respectively [36]. A leptoquark
mass in the 200–300 GeV range would again necessitate the inclusion of form-factor (propa-
gator) effects in the analysis of HERA and Tevatron data. For the low-energy data, however,
the contact term parametrization would be entirely adequate.
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III. EXPERIMENTAL DATA SETS
A. ZEUS and H1: e+p→ e+X
The H1 and ZEUS experiments have provided event rate measurements in x, y bins where
x and y are the usual scaling variables of DIS:
x = Q2/ [2p · (k − k′)] , y = Q2/[sx] . (20)
Here k and k′ are the four-momenta of the incoming electron and outgoing positron, respec-
tively, p is the proton four-momentum, s ≃ (300 GeV)2 is the square of the c.m. energy, and
Q2 is the square of the momentum transfer
Q2 = −(k − k′)2 = sxy . (21)
The observed distribution of events in x, y bins is given in Table I for ZEUS [2] and in Table II
for H1 [1], along with SM expectations that include experimental efficiencies. Systematic
errors are correlated between bins. However, these correlations have not been published
yet and we assume their effects to be small compared to the large statistical errors of the
published data.
Neutral current deep inelastic scattering occurs via the subprocess eq → eq. In terms
of the reduced amplitudes Meqαβ(tˆ) (α, β = L,R) of Eq. (9) the spin- and color-averaged
amplitude-squared for e+(k)q(p)→ e+(k′)q(p′) is given by
∑|M(e+q → e+q)|2 =(|MeqLL(tˆ)|2 + |MeqRR(tˆ)|2
)
uˆ2+
(
|MeqLR(tˆ)|2 + |MeqRL(tˆ)|2
)
sˆ2 , (22)
where tˆ = −sxy, uˆ = −sx(1 − y) and sˆ = sx. In our analysis we calculate the SM tree
level cross section for each x, y bin. We then compare with the efficiency corrected SM event
rates, NSM(x, y; corrected), in Tables I and II to obtain correction factors for each bin,
C(x, y) =
NSM(x, y; corrected)
σSM(x, y)
. (23)
Then in analyzing models that include new physics contributions we multiply the theoret-
ical cross sections by C(x, y) to take into account the experimental efficiencies and compare
the corrected result with the observed number of events. We treat the H1 and ZEUS data
separately. The SM DIS differential cross section is given by
dσ(e+p)
dx dy
=
sx
16π
{
u(x,Q2)
[∣∣∣MeuLR(tˆ)
∣∣∣2 + ∣∣∣MeuRL(tˆ)
∣∣∣2 + (1− y)2 (∣∣∣MeuLL(tˆ)
∣∣∣2 + ∣∣∣MeuRR(tˆ)
∣∣∣2)]
+ d(x,Q2)
[∣∣∣MedLR(tˆ)∣∣∣2 + ∣∣∣MedRL(tˆ)∣∣∣2 + (1− y)2
(∣∣∣MedLL(tˆ)∣∣∣2 + ∣∣∣MedRR(tˆ)∣∣∣2
)]
+u¯(x,Q2)
[ ∣∣∣MeuLL(tˆ)∣∣∣2 + ∣∣∣MeuRR(tˆ)∣∣∣2 + (1− y)2
(∣∣∣MeuLR(tˆ)∣∣∣2 + ∣∣∣MeuRL(tˆ)∣∣∣2
)]
+d¯(x,Q2)
[ ∣∣∣MedLL(tˆ)∣∣∣2 + ∣∣∣MedRR(tˆ)∣∣∣2 + (1− y)2
(∣∣∣MedLR(tˆ)∣∣∣2 + ∣∣∣MedRL(tˆ)∣∣∣2
)]
+s(x,Q2)
[ ∣∣∣MesLR(tˆ)∣∣∣2 + ∣∣∣MesRL(tˆ)∣∣∣2 + (1− y)2
(∣∣∣MesLL(tˆ)∣∣∣2 + ∣∣∣MesRR(tˆ)∣∣∣2
)]
+s¯(x,Q2)
[ ∣∣∣MesLL(tˆ)∣∣∣2 + ∣∣∣MesRR(tˆ)∣∣∣2 + (1− y)2
(∣∣∣MesLR(tˆ)∣∣∣2 + ∣∣∣MesRL(tˆ)∣∣∣2
)]
+c(x,Q2)
[ ∣∣∣MecLR(tˆ)
∣∣∣2 + ∣∣∣MecRL(tˆ)
∣∣∣2 + (1− y)2 (∣∣∣MecLL(tˆ)
∣∣∣2 + ∣∣∣MecRR(tˆ)
∣∣∣2)]
+c¯(x,Q2)
[ ∣∣∣MecLL(tˆ)∣∣∣2 + ∣∣∣MecRR(tˆ)∣∣∣2 + (1− y)2
(∣∣∣MecLR(tˆ)∣∣∣2 + ∣∣∣MecRL(tˆ)∣∣∣2
)]}
, (24)
where u(x,Q2), d(x,Q2) etc. are parton distributions.
B. Atomic Parity Violation Experiment
Parity violation in the SM is due to exchanges of weak gauge bosons, with vector-
axial-vector (V A) and axial-vector-vector (AV ) terms contributing. Atomic physics parity
violation measures [37] electron-quark couplings that are different than those probed by high
energy experiments and thereby provides alternative constraints on new physics. In terms
of the coefficients C1q and C2q of the NC Lagrangian (11), the weak charge QW of a heavy
atom is given by [37]
QW = −2
[
C1u(2Z +N) + C1d(Z + 2N)
]
, (25)
where Z and N are the number of protons and neutrons respectively in the nucleus of the
atom. Recently a very precise measurement was made of the parity violation transition
between the 6S and 7S states of Cesium with the use of a spin-polarized atomic beam [20].
For 13355Cs, Qw ≡ −376C1u − 422C1d. The weak charge QW of the atom was determined to
be
QexpW = −72.11± 0.27± 0.89 , (26)
where the first uncertainty is experimental and the second is theoretical. The new measure-
ment of (26) represents substantial improvement from the value given in the 1996 Particle
Data Book [35] and shows better agreement with the SM value. Including radiative correc-
tions the predicted SM value for Cs is [38]
QSMW = −73.11± 0.05 . (27)
We find the following constraint for the new physics contribution
∆QW (Cs) = −376∆C1u − 422∆C1d = 1.00± 0.93 . (28)
Some chirality combinations of LL,RR,LR,RL give zero contributions to ∆C1q and thus
satisfy the experimental QW constraint. Such possibilities include (i) LL = RR = LR =
RL (V V ), (ii) LL = RR = −LR = −RL (AA), (iii) LL = −LR,RL = −RR (an SU(12)
symmetry [11]), (iv) LR = RL,LL = RR = 0 (a minimal choice used in fitting the HERA
data [10]).
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C. Polarization Asymmetries in Electron-Nucleus Scattering Experiment
In this subsection, we review three experiments on polarized electron-nucleus scattering:
the SLAC e-D scattering experiment [21], the Mainz e-Be scattering experiment [22], and
the Bates e-C scattering experiment [23].
1. SLAC e-D experiment
The SLAC polarized e-D experiment [21] measured the parity-violating asymmetry
A =
dσR − dσL
dσR + dσL
, (29)
where dσR/L are the differential cross sections for e
−
R/LD→ eX scattering. At low energy A
is given in the valence approximation to the parton model by [35,37]
A
Q2
=
3GF
5
√
2παem
[ (
C1u − C1d
2
)
+
(
C2u − C2d
2
)
1− (1− y)2
1 + (1− y)2
]
, (30)
where Q2 > 0 is the momentum transfer, y is the fractional energy transfer from the electron
to hadrons, and C1q, C2q are the coefficients of the parity-violating Lagrangian in Eq. (11).
After taking into account uncertainties in the sea-quark contribution, the R = σL/σR ratio
and the higher-twist effects, the following constraints are found [39]
2C1u − C1d = −0.94± 0.26 , 2C2u − C2d = 0.66± 1.23 , ρcorr = −0.975 , (31)
where ρcorr is the correlation. The recent update of the SM contribution to the effective
parameters at 〈Q2〉 ≃ 1.5 GeV2 finds [38]
(2C1u − C1d)SM = −0.723± 0.005, (32a)
(2C2u − C2d)SM = 0.105± 0.006. (32b)
We hence use the following constraints for the new physics contributions
∆(2Ce1u − Ce1d) = −0.22± 0.26 , ∆(2Ce2u − Ce2d) = 0.77± 1.23 , ρcorr = −0.975 . (33)
Note the strong negative correlation of the errors.
2. Mainz e-Be experiment
At Mainz, asymmetry of quasi-elastic polarized electron scattering on a 9Be target
has been measured [22]. The experiment was performed at the mean momentum transfer
〈Q2〉 ≃ 0.2025 GeV2. The measured asymmetry parameter AMainz is given by the following
combination of the coefficients of the effective Lagrangian (11)
AMainz = 2.73C1u − 0.65C1d + 2.19C2u − 2.03C2d, (34)
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and the experimental result is
AMainz = −0.94± 0.19. (35)
Here the error is obtained by taking the quadratic sum of the theoretical and experimental
errors as quoted in Ref. [22].
The theoretical prediction in the SM has been evaluated in [38] to be
ASMMainz = −0.875± 0.014. (36)
We hence find the following constraint on new physics contribution
∆AMainz = 2.73∆C
e
1u − 0.65∆Ce1d + 2.19∆Ce2u − 2.03∆Ce2d
= −0.065± 0.19. (37)
3. Bates e-C experiment
The asymmetry of elastic polarized electrons scattering on a 12C target has been mea-
sured at Bates [23]. Their asymmetry parameter can be expressed in terms of the effective
Lagrangian coefficients as follows;
ABates =
3
√
2GFQ
2
4πα(−Q2)
(
C1u + C1d
)
. (38)
The typical momentum transfer of the experiment is small, 〈Q2〉 = 0.0225 GeV2, and con-
tributions from quarks other than the u and d quarks can be safely neglected [40]. From the
measurement [23]
ABates = (1.62± 0.38)× 10−6, (39)
and the estimate [41] 1/α(−0.0225 GeV2) = 135.87, we obtain the following constraint on
the effective Lagrangian coefficients,
C1u + C1d = 0.137± 0.033. (40)
The theoretical prediction of the SM at 〈Q2〉 = 0.0225 GeV2 is [38]
(C1u + C1d)
SM = 0.1522± 0.0004. (41)
Therefore the constraint on new physics is
∆(Ce1u + C
e
1d) = −0.0152± 0.033. (42)
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D. CDF Drell-Yan Cross Sections
The CDF experiment at the Tevatron has reported preliminary data [24] on Drell-Yan
lepton-pair production. The data that we use in our analysis are extracted from a CDF
figure; the values are given in Table III. The data are differential cross sections versus M ,
integrated over |y| < 1 and divided by two to average over rapidity, where M and y are,
respectively, the invariant mass and rapidity of the lepton pair. The double differential cross
section versus M and y of the lepton pair is given by
d2σ
dMdy
= K
M3
72πs
∑
q
q(x1)q¯(x2)
[
|MeqLL(sˆ)|2 + |MeqRR(sˆ)|2 + |MeqLR(sˆ)|2 + |MeqRL(sˆ)|2
]
, (43)
where q(x) and q¯(x) are parton distributions evaluated at Q2 = M2, x1,2 = Me
±y/
√
s,√
s = 1800 GeV, and sˆ = M2. The reduced amplitudes Meqαβ(sˆ) are given by Eq. (9) with tˆ
replaced by sˆ. The QCD K-factor of Drell-Yan production is given by [42]
K = 1 +
αs(M
2)
2π
4
3
(
1 +
4
3
π2
)
. (44)
With this K factor, the overall cross section normalization agrees with the CDF data in the
vicinity of the Z-peak.
E. e+e− Experiments
The eeqq contact interactions probed at HERA and in low energy experiments involve
only light quarks. In e+e− → hadrons both light and heavy quarks contribute and separation
of the light quark contributions requires bottom and charm quark tagging. To investigate
the influence of contact terms on e+e− → hadrons we assume here that the eeqq contact
interaction is flavor independent. The relevant measurements are the total hadronic cross
sections σhad and the left-right asymmetry ALR at LEP1 and SLD and σhad at LEP1.5 and
LEP2. Our analysis is based on the data in Refs. [25–29].
At leading order in the electroweak interactions the total hadronic cross section summed
over all flavors q = u, d, s, c, b is
σhad = K
∑
q
s
16π
[
|MeqLL(s)|2 + |MeqRR(s)|2 + |MeqLR(s)|2 + |MeqRL(s)|2
]
, (45)
where the QCD K factor is given by K = 1+αs/π+1.409(αs/π)
2− 12.77(αs/π)3 [43]. The
left-right asymmetry ALR is given by
ALR =
σL − σR
σL + σR
=
∑
q (|MeqLL(s)|2 + |MeqLR(s)|2 − |MeqRL(s)|2 − |MeqRR(s)|2)∑
q (|MeqLL(s)|2 + |MeqLR(s)|2 + |MeqRL(s)|2 + |MeqRR(s)|2)
. (46)
At
√
s = MZ , the SM amplitudes are imaginary whereas contact term contributions are
real. Because of the absence of interference with the SM amplitudes, the Z-pole data have
little sensitivity to the contact terms despite their high accuracy. To take into account
next-to-leading order (NLO) electroweak radiative corrections we calculate
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σtheoryhad = σ
theory
LO ×
(
σSMNLO
σSMLO
)
, (47)
where σtheoryLO is given by (45) with contact interaction contributions included in the matrix
elements. Table IV gives the measured σhad and the calculated values of σ
SM
NLO. The radiative
corrections to the LR asymmetry cancel in the ratio (46) so here we compare the observed
ALR with the leading order SM calculation. The experimental and the SM predicted values
for ALR are [25]
AexpLR = 0.1542± 0.0037 , ASMLR = 0.145± 0.001± 0.001 . (48)
Other LEP1.5 and LEP2 measurements are summarized in Table IV. The new physics
contributions are given by Eq. (10).
F. Neutrino-Nucleon DIS Experiments
Deep inelastic scattering (DIS) experiments with neutrino and anti-neutrino beams have
provided important tests for the SM since the early 80’s [44,45]. If SU(2)L invariance is
assumed, then νN DIS data also constrain contact interactions. The CCFR collaboration
obtained a model-independent constraint on the effective ννqq couplings [30]:
κ = 0.5820± 0.0041 = 1.7897g2L + 1.1479g2R − 0.0916δ2L − 0.0782δ2R , (49)
where g2L,R =
(
guL,R
)2
+
(
gdL,R
)2
, δ2L,R = (g
u
L,R)
2 − (gdL,R)2 and gqL, gqR are the coefficients of
the effective Lagrangian (14). The Standard Model value is κ = κSM = 0.5817 ± 0.0013
[30]. This model-independent constraint (49) can be used to constrain physics beyond the
SM. Since this CCFR result is so far the most accurate measurement for νN scattering, we
adopt their result in our analysis. We can write guL = (g
u
L)SM +∆g
u
L, etc., then κ becomes
κ = κSM + 1.7897
(
2(guL)SM∆g
u
L + (∆g
u
L)
2 + 2(gdL)SM∆g
d
L + (∆g
d
L)
2
)
+ 1.1479
(
2(guR)SM∆g
u
R + (∆g
u
R)
2 + 2(gdR)SM∆g
d
R + (∆g
d
R)
2
)
− 0.0916
(
2(guL)SM∆g
u
L + (∆g
u
L)
2 − 2(gdL)SM∆gdL − (∆gdL)2
)
− 0.0782
(
2(guR)SM∆g
u
R + (∆g
u
R)
2 − 2(gdR)SM∆gdR − (∆gdR)2
)
, (50)
where the ∆gu,dL,R are the contact term contributions of Eq. (15).
G. Statistical Analysis
The method of maximum likelihood is the most general method of parameter estimation.
For a set of independently measured quantities xi that come from a probability density
function f(x;α), where α is a set of unknown parameters, the method of maximum likelihood
consists of finding the set of αˆ, which maximizes the joint probability density for all data,
given by the likelihood function L = ∏i f(xi;α). Very often it is easier to maximize the
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logarithm of this likelihood function by solving the equation ∂ logL/∂α = 0. In the case of
ZEUS and H1 data, since the number of observed events in each bin is small, it is appropriate
to describe the probabilities of the observed events using Poisson statistics:
fi =
(nthi )
nobs
i e−n
th
i
nobsi !
, (51)
where nthi is the expected number of events from the theory and n
obs
i is the number of
observed events in the ith bin. With Poisson statistics the method of maximum log-likelihood
is equivalent to minimizing the following χ2 [35]
χ2 =
∑
i
[
2(nthi − nobsi ) + 2nobsi log
(
nobsi
nthi
)]
. (52)
In the bins where nobsi = 0 the second term is zero. In our fitting procedures, we shall
vary unknown n parameters of the contact interaction and calculate the expected number
of events, nthi , for each bin i; then we obtain the quantity χ
2 for all relevant ranges of the
unknown parameters. The set of parameters that gives the minimum χ2 value is the best
estimate of the parameters. Relative merits of different new physics interactions can also be
compared by their χ2 values.
In experiments with good statistics, we use the usual approach to calculate
χ2 =
∑
i=bins or data points
(
xexpi − xthi
σxi
)2
, (53)
where xexpi , x
th
i , and σxi are the experimental measurements, theoretical predictions, and
the errors, respectively. The method of maximum log likelihood is equivalent to the usual
χ2 method when the distribution follows Gaussian statistics. The χ2’s from all data sets
are added together to form the total χ2 and best estimate αˆ for the set of parameters is
obtained by minimizing the total χ2, i.e., χ2(αˆ) = χ2min. The n-sigma standard deviation of
the best estimate αˆ is calculated by finding αˆ′, which satisfies [35]
χ2(αˆ′) = χ2min + n
2 . (54)
For a 1(2)-parameter fit a 1-σ standard deviation corresponds to a confidence level of
68(39)%.
IV. eeqq CONTACT INTERACTIONS
In this section we present the results of our global fit to the eeqq contact interactions. The
HERA data, Tables I and II, mainly constrain the eeuu and eedd contact interactions, as do
the cesium atom weak charge (26) and the three asymmetries (31), (35), (39) of polarized
electron scattering on nuclei targets. The Drell-Yan (DY) lepton-pair production data,
Table III, are sensitive to eeqq and µµqq contact interactions mainly of the first generation
quarks (u and d). The DY data show no indication of e-µ universality violation, hence we
assume the e-µ universality of the contact interactions when we include this data in our
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fit. The LEP/SLC measurements of e+e− → hadrons, Table IV and Eq. (48) constrain
eeqq contact interactions summed over five flavors of quarks, u, d, s, c and b. Since b and
c flavor-tagging measurements have only limited accuracy, we need to assume quark-flavor
universality relations when we include the LEP/SLC data in our global fit,
ηeuαβ = η
ec
αβ , η
ed
αβ = η
es
αβ = η
eb
αβ , (55)
where αβ = LL, LR,RL,RR. Finally, the neutrino-nucleon scattering data (49) constrain
the neutral current νµνµuu and νµνµdd contact interactions. To include neutrino data in the
global analysis we need to assume the electroweak gauge symmetry relations of Eq. (4). Our
global fits for the eeqq contact interactions are thereby organized in the increasing order of
model dependence.
In Table V we summarize the experimental constraints obtained on the eeqq contact inter-
actions ηeqαβ in the various “models”: (a) the SM result, (b) the choice η
eu
LR = η
eu
RL = 1.4 GeV
−2
used in our previous qualitative demonstration of the effects of the contact interactions [10],
(c) the fit when all 8 eeqq contact terms are allowed to vary freely, (d) a minimal choice
that would explain the HERA and other data, (e) a vector-vector model, (f) an axial vector
- axial vector model, and (g) the SU(12) model [11]. The fits were performed using the
program MINUIT [46].
The breakdown of the minimum χ2 for each model is summarized in Table VI. The
SM global-fit is excellent, giving χ2/d.o.f. = 176.4/164. The SM gives the best χ2 of the
CDF-DY data. Only for the H1 data does the SM give a poor representation. Our previous
choice (b) fits the H1 data but does not fit ZEUS nor CDF-DY data well. For case (c) in
which all eight parameters are allowed to vary, the minimization maintains a balance among
the χ2 of the data sets. From Tables V and VI we see that the best estimate for the LR and
RL components are similar and the minimum χ2 for (c) and (d) also is comparable. This
confirms that the HERA anomaly is better explained by LR and RL components, which
have less influence on other experiments. In the cases (e), (f), and (g) the χ2 for the HERA
data does not improve over (c) and (d), which indicates that the V V , AA, and the SU(12)
chirality combinations cannot better explain the HERA anomaly without upsetting other
experiments. Other ηeqαβ solutions could conceivably give a smaller χ
2 for HERA but only at
the expense of larger χ2’s for the other experiments. The above fits in Table V and VI do
not include the νN data because most of the “models” do not maintain the SU(2) invariance
relations (3) and (4).
In all the fits, we notice that ηedLR and η
ed
RL are in general larger than the others, even
larger than ηeuLR and η
eu
RL. This is because (i) the excess events at HERA is best explained by
by the LR and RL chiralities (see Eq. (24)), (ii) in Drell-Yan production at the Tevatron
uu¯ annihilation dominates over dd¯, and the Drell-Yan cross sections agree with the SM
prediction. Therefore, the minimization process increases ηedLR and η
ed
RL to fit the HERA
data without spoiling the SM fit to the Drell-Yan cross section.
Table VII shows how the best estimates for ηeqαβ parameters change when data sets are
added successively in the minimization. The most dramatic changes occur when the data
for Drell-Yan (DY) lepton-pair production at the Tevatron are included. Note that when
we include the ν-N data in the last column of Table VII the SU(2)L invariance relations of
Eqs. (3) and (4) are assumed and then we have 7 free parameters instead of 8. Table VII
shows that the HERA and DY data are not fully compatible. There is an abrupt change
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of the best-fit ηeqαβ values and a sudden increase of the χ
2 from the HERA data between
the third (HERA+APV+eN) and fourth (HERA+APV+eN+DY) columns. The difference
χ2SM−χ2min is as large as 12.8 at the third column but it reduces to 8.2 in the fourth column
after including the CDF-DY data, which is no significant improvement over the SM since
there are 8 eeqq contact terms allowed to vary freely.
Figure 1 shows the fit for the HERA data and Fig. 2 shows that for the CDF-DY data
from the models as given in Table III: (i) fit to HERA only (long-dashed curves), (ii) fit
to HERA+APV+eN data (dotted curves), (iii) fit including the DY data assuming e-µ uni-
versality (dash-dotted curves), (iv) fit including the LEP and νN data, assuming the quark
flavor universality and SU(2)L invariance relations (dashed curves). The incompatibility of
the HERA high-Q2 data and the CDF high mass DY data can be seen in these figures. Even
allowing for general eeqq contact interactions, it is not possible to find a good fit to both
the HERA and CDF-DY data.
Finally, we present the result of the global fit to all low and high energy lepton-quark
experiments by assuming the flavor universality and the SU(2)L invariance of the contact
interactions. We then have the seven independent lepton-quark contact interactions that
appear in the last column of Table VII. The errors given for each ηeqαβ are correlated. The
correlation matrix as obtained from MINUIT [46] is as follows:

1.00 −0.65 0.78 −0.52 0.91 0.14 −0.13
−0.65 1.00 −0.76 0.69 −0.38 −0.31 0.47
0.78 −0.76 1.00 −0.71 0.58 0.36 −0.49
−0.52 0.69 −0.71 1.00 −0.43 0.22 0.75
0.91 −0.38 0.58 −0.43 1.00 −0.18 −0.10
0.14 −0.31 0.36 0.22 −0.18 1.00 0.35
−0.13 0.47 −0.49 0.75 −0.10 0.35 1.00


, (56)
where the row and column indices are labeled in the order: ηeuLL, η
eu
LR, η
eu
RL, η
eu
RR, η
ed
LL, η
ed
LR,
ηedRR. The covariance matrix C can be formed by Cij = σiσjρij , where σi is the error of the
i-th parameter. The eigenvectors of the covariance matrix are constrained as:
.386ηeuLL + .319η
eu
LR − .620ηeuRL − .293ηeuRR + .261ηedLL + .321ηedLR − .329ηedRR = 0.034± 0.031 , (57a)
.737ηeuLL + .131η
eu
LR + .126η
eu
RL + .080η
eu
RR − .630ηedLL − .133ηedLR + .055ηedRR = 0.014± 0.063 , (57b)
.216ηeuLL − .545ηeuLR − .232ηeuRL + .682ηeuRR + .153ηedLL − .014ηedLR − .338ηedRR = −0.92± 0.29 , (57c)
.035ηeuLL − .678ηeuLR − .394ηeuRL − .473ηeuRR − .199ηedLL − .047ηedLR + .343ηedRR = −0.45± 0.37 , (57d)
.429ηeuLL + .041η
eu
LR + .096η
eu
RL + .070η
eu
RR + .638η
ed
LL − .230ηedLR + .583ηedRR = 0.33± 0.82 , (57e)
.063ηeuLL − .098ηeuLR + .187ηeuRL + .158ηeuRR − .053ηedLL + .904ηedLR + .326ηedRR = 1.04± 1.46 , (57f)
.268ηeuLL − .336ηeuLR + .590ηeuRL − .434ηeuRR + .249ηedLL + .079ηedLR − .459ηedRR = −0.36± 1.50 . (57g)
The strongest constraint (57a) is essentially due to the atomic parity violation experiment
and hence it agrees roughly with the result of the corresponding fit to the low energy
electroweak data only [38]. The rest of the constraints show significant improvements over
those obtained from low energy experiments, even though the analysis of Ref. [38] made
a more restrictive assumption that ηeuLL = η
ed
LL. The combined effect of low-energy and
high-energy data is that irrespective of the flavor and chirality combination no eeqq contact
interactions can be significantly larger than about 1 TeV−2.
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Throughout, we have parameterized the eeqq contact interactions via the ηeqαβ which, to a
reasonable approximation, are normally distributed. Constraints on contact terms are often
quoted in terms of 95% CL bounds on the contact scale Λeqαβǫ which is related to the η’s via
ηeqαβ =
4πǫ(
Λeqαβǫ
)2 (58)
where ǫ = ±1, α, β = L,R. In order to allow an easy comparison we also derive 95% CL
bounds on the Λeqαβ. The procedures for obtaining these limits is as follows:
1. Using MINUIT we obtain the best estimate of a parameter ηeqαβ (others set to zero) by
minimizing the χ2 for all the available data. When obtaining ηeqαβ = µ± σ, we assume
that the probability density function P (η) follows a normal distribution with mean µ
and variance σ2:
P (η) =
1
σ
√
2π
e−
1
2(
η−µ
σ )
2
. (59)
Possible non-Gaussian behaviour is taken into account by replacing (η−µ
σ
)2 by χ2(η)−
χ2min in the argument of the exponential.
2. We determine “+” and “−”-sided limits of Λeqαβǫ. The “+”-sided limit means that the
physically allowed region of ηeqαβ is η
eq
αβ ≥ 0. To obtain a 95% CL limit on ηeqαβ we need
to find the value, η+, above which 5% of the total probability for positive η is located,
0.05 =
∫
∞
η+
P (η)dη∫
∞
0 P (η)dη
. (60)
This η+ is related to Λ+ by η+ = 4π/(Λ+)
2.
3. The “−”-sided limit means that the physically allowed region of ηeqαβ is ηeqαβ < 0. To
obtain a 95% CL limit on ηeqαβ we need to find the value, η−, below which 5% of the
total probability for negative η is located,
0.05 =
∫ η
−
−∞
P (η)dη∫ 0
−∞
P (η)dη
. (61)
This η− is related to Λ− by η− = −4π/(Λ−)2.
The limits are tabulated in Table VIII for individual couplings of a fixed lepton and quark
chirality. The SU(2) relations of Eqs. (3) and (4) are imposed and only one contact term at
a time is assumed to be different from zero. Combinations of contact interactions which are
parity conserving or blind to atomic parity violation constraints are considered in Tables IX
and X.
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V. CONCLUSIONS
In summary, we have made a general investigation to determine whether the excess of
events observed at high-Q2 in the HERA experiments can be understood in terms of contact
interactions. All available low and high energy data relevant to eeqq contact terms have
been included in a global fit. Our findings can be summarized as follows:
(i) If the HERA high Q2 events are due to eeqq contact interactions, ηeuLR and η
eu
RL terms are
the most effective in explaining the data.
(ii) The CDF data on high mass Drell-Yan lepton-pair production, however, strongly restrict
the eeuu contact interactions irrespective of their chirality structure.
(iii) Once the high-energy data and the low-energy electroweak data are combined, all eeqq
contact interactions are strongly constrained and the possibility of explaining the HERA
high Q2 events with contact interactions is limited.
(iv) The SM gives a reasonably good overall description of all the electron-hadron data,
including the HERA high Q2 events.
(v) The limits obtained on the contact scales are more restrictive than those obtained pre-
viously [35].
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FIG. 1. Integrated cross sections for e+p → e+X versus a minimum Q2 for the SM (solid
curve) and for four choices of contact interactions: best-fit for the H1 and ZEUS data (long-dashed
curved), best-fit including the low energy electron-quark coupling measurements (dotted curve),
best-fit further including the Tevatron lepton-pair production data (dot-dashed curve), and the
best-fit including also the LEP data and the neutrino-scattering data (dashed curve); see Table
VII. The data points correspond to the number of events observed by H1 [1] and ZEUS [2], and
have been converted to cross sections by us, assuming constant detection efficiencies of 80% and
81.5%, respectively. Our fits are performed directly on the published data [1,2] as summarized in
Tables I and II.
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FIG. 2. The Drell-Yan cross section p¯p→ (µ+µ− or e+e−)X at the Tevatron (√s = 1.8 TeV)
for the SM (solid curve) and the four choices of contact interactions as in Fig. 1. Preliminary CDF
data [25] are shown separately for e+e− (solid triangle) and µ+µ− (open square) pair; see Table III.
The cross section is averaged over y as 12
∫ 1
−1 dy
d2σ
dMdy .
21
TABLE I. The expected and observed numbers of events in each bin of the x− y plane from
ZEUS. The expected number is listed above the observed number.
xmin 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85
xmax 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
0.85 < y < 0.95 8.8 1.2 0.32 0.10 0.028 0.01 0.0034
9 3 1
0.75 < y < 0.85 12 2.5 0.50 0.15 0.050 0.011 0.0039
16 4 1
0.65 < y < 0.75 13 3.7 0.86 0.26 0.082 0.022 0.0054 0.0020
10 3 1
0.55 < y < 0.65 15 6.1 1.65 0.46 0.15 0.046 0.0090 0.0024
12 3 3 1
0.45 < y < 0.55 12 11 2.5 0.85 0.28 0.084 0.0208 0.0032
6 13 1 1
0.35 < y < 0.45 4.6 18 5.5 1.75 0.52 0.16 0.0403 0.0093
3 17 6
0.25 < y < 0.35 18 11 3.74 1.19 0.34 0.1104 0.0175 0.0066
23 6 7 1 2
0.15 < y < 0.25 2.2 14 9.6 3.32 1.2 0.2784 0.0717 0.0077
1 15 10 3 1
0.05 < y < 0.15 1.3 2.14 1.6 0.9052 0.3022 0.1216
1 3 2 1 1
TABLE II. The expected and observed numbers of events in each bin of the x− y plane from
H1. The expected number is listed above the observed number.
xmin 0.06236 0.2494 0.3395 0.3592 0.3794 0.4002 0.4216 0.4435
xmax 0.2494 0.3395 0.3592 0.3794 0.4002 0.4216 0.4435 0.95
0.5 < y < 0.9 73.59 2.2 0.27 0.21 0.15 0.15 0.14 0.39
76 3 0 0 1 0 1 3
0.4 < y < 0.5 56.28 2.28 0.25 0.21 0.19 0.07 0.08 0.24
59 2 0 0 0 1 1 0
0.3 < y < 0.4 65.13 3.77 0.40 0.42 0.36 0.24 0.19 0.69
80 3 1 1 0 0 0 0
0.2 < y < 0.3 70.9 9.93 1.05 0.91 0.75 0.61 1.45 1.4
64 12 2 0 1 1 0 1
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TABLE III. Preliminary CDF Drell-Yan Data extracted from their figures. Both e+e− and
µ+µ− samples are shown. The data is the y-averaged integrated cross section 12
∫ 1
−1 dy
d2σ
dMdy .
Mee(GeV)
1
2
∫ 1
−1 dy
d2σ
dMdy
(pb/GeV) Mµµ(GeV)
1
2
∫ 1
−1 dy
d2σ
dMdy
(pb/GeV)
54.63 0.142
+0.024
−0.023 54.63 0.118± 0.019
64.90 0.113
+0.017
−0.016 64.90 0.098
+0.015
−0.014
73.82 0.130
+0.016
−0.017 73.82 0.113
+0.017
−0.016
81.86 0.358
+0.029
−0.035 81.86 0.329
+0.029
−0.030
87.66 2.537
+0.168
−0.188 87.66 2.162
+0.158
−0.173
91.68 10.779
+0.861
−0.668 91.68 11.345
+0.906
−0.839
97.92 0.462
+0.037
−0.045 97.92 0.502
+0.044
−0.040
105.96 0.122
+0.022
−0.020 107.74 0.148
+0.020
−0.021
114.88 0.0427
+0.0104
−0.0105 116.67 0.0635
+0.0125
−0.0131
134.97 0.0209± 0.0041 138.98 0.0214 +0.0045−0.0042
174.69 0.00352± 0.00127 178.71 0.00426 +0.0015−0.0014
225.11 0.00234± 0.00105 228.69 0.00195 +0.00099−0.00097
275.11 (9.41± 6.70)× 10−4 279.13 (9.91± 7.05)× 10−4
350.09
(
2.22
+2.21
−2.22
)
× 10−4 354.11
(
2.22
+2.26
−2.22
)
× 10−4
450.06 (2.27± 2.27)× 10−4 454.08
(
0.0
+2.03
−0.0
)
× 10−4
550.04
(
0.0
+2.27
−0.0
)
× 10−4 554.06
(
0.0
+1.74
−0.0
)
× 10−4
TABLE IV. Table showing the LEP1 and SLD data, and LEP1.5 and LEP2 data that are
relevant to our analysis [25–29].
ECM σhad σ
SM
had
LEP1, SLD :
√
s =MZ 41.508± 0.056 nb 41.465 nb
OPAL :
√
s = 130.26 GeV 66± 5± 3 pb 78 pb
OPAL :
√
s = 136.23 GeV 60± 5± 2 pb 63 pb
OPAL :
√
s = 140 GeV 50± 36± 2 pb 56 pb
L3 :
√
s = 130.3 GeV 81.8± 6.4 pb 78 pb
L3 :
√
s = 136.3 GeV 70.5± 6.2 pb 64 pb
L3 :
√
s = 140.2 GeV 67± 47 pb 56 pb
ALEPH :
√
s = 130 GeV 74.2± 5.2± 3.3 pb 76.9 pb
ALEPH :
√
s = 136 GeV 57.4± 4.5± 1.8 pb 62.5 pb
OPAL :
√
s = 161.3 GeV 35.3± 2.0± 0.7 pb 33.2 pb
L3 :
√
s = 161.3 GeV 37.3± 2.2 pb 34.9 pb
L3 :
√
s = 170.3 GeV 39.5± 7.5 pb 29.8 pb
L3 :
√
s = 172.3 GeV 28.2± 2.2 pb 28.9 pb
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TABLE V. The best estimate of the contact interaction parameters ηeqαβ and the corresponding
χ2min for (c) all eight η
eq
αβ being free, and (d)–(f) various chirality combinations. The χ
2 for the
Standard Model and the “eye-ball” solution from our previous paper are shown in (a) and (b),
respectively. The data sets included are: H1, ZEUS, APV, e-N, DY, and LEP. The number of
degree of freedom for the Standard Model is 164.
Chirality Combination Best estimate (unit=TeV−2) χ2min
(a) Standard Model 176.4/164 d.o.f.
(b) ηeuLR = η
eu
RL = 1.4TeV
−2, 187.1/163 d.o.f.
others=0
(c) All free ηeuLL = 0.16
+0.61
−0.48, ηeuRR = −0.001
+0.63
−0.55, 167.2/156 d.o.f.
ηeuLR = 0.80
+0.46
−0.62, ηeuRL = 0.19
+0.65
−0.71,
ηedLL = 0.31
+0.92
−1.01, ηedRR = 0.62
+0.98
−1.09,
ηedLR = 1.66
+1.18
−1.66, ηedRL = 1.95
+1.10
−1.63,
(d) ηeuRL = η
eu
LR, η
ed
RL = η
ed
LR, η
eu
RL = η
eu
LR = 0.51
+0.26
−0.27, 170.0/ 162 d.o.f.
others=0 ηedRL = η
ed
LR = 1.97
+0.50
−0.70,
(e) ηeuV V , η
ed
V V η
eu
V V = 0.47
+0.20
−0.23, ηedV V = 1.10
+0.28
−0.38 172.5/162 d.o.f.
(f) ηeuAA, η
ed
AA η
eu
AA = −0.36
+0.17
−0.14, ηedAA = −0.36
+0.44
−0.46 173.0 /162 d.o.f.
(g) SU(12) ηeuLL = −ηeuLR = −0.39
+0.68
−0.31, 172.7/160 d.o.f.
ηeuRL = −ηeuRR = 0.29
+0.48
−0.68,
ηedLL = −ηedLR = −0.81
+1.23
−0.96,
ηedRL = −ηedRR = −0.11
+1.24
−0.92
TABLE VI. Breakdown of the minimum χ2 by experiment for the models in Table V.
H1 ZEUS APV eN CDF-DY LEP
# Data points 32 81 1 4 32 14
(a) SM 33.9 59.9 1.2 1.8 62.2 17.4
(b) ηeuLR = η
eu
RL = 1.4TeV
−2, 29.0 66.5 1.2 1.8 70.9 17.7
others=0
(c) All free 29.9 58.1 0.0 0.5 62.6 16.1
(d) ηeuRL = η
eu
LR = 0.51, 30.0 58.2 1.2 1.8 62.7 16.1
ηedRL = η
ed
LR = 1.97
(e) ηeuV V = 0.47, η
ed
V V = 1.10 30.4 58.7 1.2 1.8 63.1 17.4
(f) ηeuAA = −0.36, ηedAA = −0.36 31.9 58.8 1.2 1.8 62.2 17.1
(g) ηeuLL = −ηeuLR = −0.39, 32.0 58.8 1.2 1.5 62.3 17.0
ηeuRL = −ηeuRR = 0.29,
ηedLL = −ηedLR = −0.81,
ηedRL = −ηedRR = −0.11
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TABLE VII. The best estimate of the ηeqαβ parameters when various data sets are added
successively. In the last column when the ν-N data are included the ηνqLβ are given in terms of η
eq
Lβ
by Eq. (4), we assume ηeuRL = η
ed
RL in the last column.
HERA only HERA+APV HERA+APV HERA+APV HERA+APV HERA+DY+APV
+eN +eN+DY +eN+DY+LEP +eN+LEP+νN
ηeuLL 0.38
+4.10
−6.04 0.69
+3.65
−5.49 0.49
+2.90
−2.99 0.16
+0.67
−0.53 0.16
+0.61
−0.48 -0.082
+0.67
−0.40
ηeuLR -4.93
+2.81
−0.96 -4.90
+6.41
−9.72 -2.24
+4.06
−2.90 0.88
+0.43
−0.64 0.80
+0.46
−0.62 0.86
+0.42
−0.73
ηeuRL -0.14
+3.29
−5.07 -0.39
+3.52
−4.80 -4.20
+4.51
−1.08 0.21
+0.68
−0.78 0.19
+0.65
−0.71 0.38
+0.67
−0.91
ηeuRR 1.28
+4.42
−6.31 1.03
+4.45
−5.90 1.46
+1.73
−3.73 0.011
+0.65
−0.61 -0.0010
+0.63
−0.55 -0.074
+0.74
−0.57
ηedLL -2.51
+10.49
−8.24 -1.88
+8.97
−7.59 -4.03
+7.45
−4.09 0.71
+1.38
−1.59 0.31
+0.92
−1.01 0.015
+0.88
−0.52
ηedLR -1.42
+7.40
−4.87 -1.19
+7.04
−4.95 -1.97
+5.87
−3.77 1.15
+1.38
−1.99 1.66
+1.18
−1.66 0.88
+1.06
−1.82
ηedRL -2.80
+7.39
−5.16 -3.34
+7.23
−4.31 -2.80
+5.99
−2.65 1.50
+1.29
−1.97 1.95
+1.10
−1.63 = ηeuRL
ηedRR -3.16
+10.85
−9.18 -4.13
+9.20
−6.43 -2.40
+7.63
−5.48 1.01
+1.31
−1.57 0.62
+0.98
−1.09 0.84
+0.85
−1.11
HERA 83.4 83.4 83.6 88.1 88.0 88.6
APV 0.0 0.0 0.001 0.0 0.001
eN 0.38 0.47 0.47 0.67
DY 62.3 62.6 62.2
LEP 16.1 17.1
νN 0.007
Total χ2 83.4 83.4 84.0 150.8 167.2 168.7
SM χ2 93.8 95.0 96.8 159.0 176.4 176.4
SM d.o.f. 113 114 118 150 164 165
TABLE VIII. The best estimate on ηeqαβ and the 95% CL limits on the contact interaction
scale Λeqαβ, where η
eq
αβ = 4πǫ/(Λ
eq
αβǫ)
2. When one of the η’s is considered the others are set to zero.
SU(2) relations are assumed and νN data are included.
95% CL Limits
Chirality (q) η (TeV−2) Λ+ (TeV) Λ− (TeV)
LL(u) 0.046 ± 0.057 9.3 12.0
LR(u) 0.11 ± 0.079 7.2 11.3
RL(u) −0.041 ± 0.038 15.4 10.9
RR(u) −0.11± 0.080 11.1 7.3
LL(d) 0.055 ± 0.061 8.8 11.9
LR(d) 0.076 ± 0.072 7.9 11.2
RR(d) −0.074 ± 0.072 11.2 8.0
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TABLE IX. The best estimate on ηeq for the minimal setting, V V,AA, and SU(12), and the
corresponding 95% CL limits on the contact interaction scale Λ, where η = 4πǫ/(Λǫ)
2. When one
of the η’s is considered the others are set to zero. Here we do not use SU(2) relations nor do we
include the νN data.
95% CL Limits
Chirality (q) η (TeV−2) Λ+ (TeV) Λ− (TeV)
ηeuLR = η
eu
RL 0.58
+0.27
−0.32 3.6 5.8
ηedLR = η
ed
RL 2.07
+0.46
−0.63 2.1 2.6
ηeuV V 0.024
+0.15
−0.13 6.2 7.5
ηedV V 0.29
+0.38
−0.57 3.8 2.6
ηeuAA −0.28
+0.16
−0.14 6.5 5.1
ηeuAA 0.21
+0.29
−0.35 4.3 5.1
ηeuLL = −ηeuLR −0.42
+0.26
−0.21 4.2 4.1
ηeuRL = −ηeuRR 0.51
+0.21
−0.26 3.9 3.9
ηedLL = −ηedLR 0.31
+0.50
−0.70 3.4 2.2
ηedRL = −ηedRR −0.51
+0.70
−0.50 2.3 3.1
TABLE X. Same as Table II but with a further condition: ηeu = ηed. Here q = u = d.
95% CL Limits
Chirality (q) η (TeV−2) Λ+ (TeV) Λ− (TeV)
ηeqLR = η
eq
RL 0.69
+0.23
−0.30 3.5 5.3
ηeqV V 0.11
+0.34
−0.21 4.1 6.9
ηeqAA −0.36
+0.17
−0.14 4.4 4.7
ηeqLL = −ηeqLR −0.54
+0.26
−0.20 3.5 3.8
ηeqRL = −ηeqRR 0.58
+0.20
−0.26 3.8 3.4
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